greatly enhanced by the presence of glycerol or the loss of the glycerol repressor (GlpR). These rates are greatly depressed by glucose or by glpR overexpression. Of the four tandem GlpR-binding sites (O1-O4) in the control region of the glpFK operon, O4 (downstream) specifically controls glpFK expression while O1 (upstream) controls mutation rate. Mutation is due to insertion of the small transposon IS5 into a specific site just upstream of the glpFK promoter. Mutational control by the glycerol regulon repressor GlpR is independent of the selection and assay procedures, and IS5 insertion into other gene activation sites is unaffected by the presence of glycerol or the loss of GlpR. The results establish the principle of transposon-mediated directed mutation, identify a protein responsible for its regulation, and define essential aspects of the mechanism.
Introduction
Transposons are defined as genetic elements that can move or 'hop' from one position in a genome to another. They do so by one of four mechanisms of transposition: (1) conservative (cut and paste or nonreplicative), (2) replicative (the donor and target replicons form a cointegrate without excision, yielding a second copy of the transpo-son), (3) excisive (an integrase together with other proteins excises the mobile element, generates a closed circular intermediate and integrates it at the target site, while the DNA remains at the donor site), and (4) retro (an RNA copy of an orf containing the retro-transposon is transcribed, reverse replicated, converted into a cDNA at the insertion site, and the RNA in the DNA site is exchanged for the cDNA). All of these processes, in effect, serve to insert the element into a novel target location. The process uses sitespecific recombination, and is therefore independent of the enzymes of homologous recombination. These genetic elements can be simple (such as a prokaryotic insertion sequence, IS, elements) or complex, bearing genes that allow for other functions such as conjugation and drug resistance in prokaryotes. They may be as small as 0.7 kbp and as large as 500 kbp. It is generally agreed that the extraordinary ability of these elements to 'hop' has had a tremendous impact on molecular and organismal evolution.
Transposons can carry useful genes that not only allow hopping within a genome, but also allow for transfer to other organisms via conjugation. Integrons, complex transposons, have two component gene capture and dissemination systems. The first component is an element encoding a site-specific recombinase adjacent to a site of recombination, while the second component consists of gene cassettes that can be inserted and shuffled. These and other mobile elements are perhaps best known because of their contributions to drug resistance in pathogens. Large transposons can also carry genes involved in heavy metal resistance, catabolism and anabolism, vitamin synthesis and nitrogen fixation. They have been found in virtually all types of living organisms. Indeed, transposon-derived DNA can comprise over 50% of a genome in animals and as much as 90% in plants [Kazazian, 2004] . Their usefulness as agents of evolutionary change is emphasized by their ability to promote chromosomal rearrangements including deletions, inversions and replicon fusions, events that are central to many evolutionary processes [Schmidt and Anderson, 2006] .
In eukaryotes, micro-and macrorearrangements are prevalent, and these can occur for purposes of long or short-term adaptation [Crombach and Hogeweg, 2007] . Their presence can also influence the expression levels of protein-encoding genes [Chung et al., 2007; Marsano et al., 2005] . Moreover, they can be responsive to environmental cues [Schmidt and Anderson, 2006] . It is likely that over evolutionary time, they have promoted the occurrence of adaptive mutations. Mutations are defined as 'adaptive' if they occur randomly but at increased rates under specific stress conditions; mutations are directed if they occur at increased rates specifically under the stress conditions that the mutation relieves.
Retrotransposons not only facilitate genomic rearrangements, they allow meaningful gene reorganization from initially random orders under pressure during evolution [Crombach and Hogeweg, 2007] . They have shaped individual genes as well as genomes [Kazazian, 2004] . Much attention has been devoted to their value as experimental tools for understanding gene function [Grabundzija et al., 2011; Izsvak and Ivics, 2004; Miki et al., 2008] .
The documented incidences of transposon-mediated organismal adaptation are numerous. For example, they provide an evolutionarily robust non-telomerase mechanism for the maintenance of telomers in eukaryotes [Pardue and DeBaryshe, 2003] . They influence and are influenced by sexual behavior in some animals [Schaack et al., 2010] . They apparently played crucial roles in the development of antigen-specific immunities [Agrawal et al., 1998; Hiom et al., 1998 ].
In both prokaryotes and eukaryotes, transposon hopping is controlled not only by environmental conditions, but also by factors that mediate responses to external and internal conditions [Beauregard et al., 2008] . More relevant to the discussion presented here, transposition can be stimulated by nutritional stress in bacteria [Twiss et al., 2005] . In one study, Twiss et al. [2005] described mutations in a gene required for anaerobic fermentative metabolism. These same mutations caused transposon hopping to occur earlier than normal in a developing Escherichia coli colony. Fumarate suppressed this phenotype, providing direct evidence that transposition occurs in response to nutritional stress.
Many proteins have been identified that allow the bacterium to modulate transposition in response to stress conditions. Because transposition can be detrimental as well as beneficial to the organism in which they occur, bacteria have evolved mechanisms that enhance, prevent or regulate transposon movement. Transposons also allow control over target site selection [Martin and Garfinkel, 2003; Scholes et al., 2001] . It is probable that genomes and mobile elements have coevolved to link transpositional dormancy to genome integrity.
In 1943, Luria and Delbrück [1943] reported that bacterial mutations causing phage resistance arose randomly. They suggested that mutations arise independently of selection [Luria and Delbrück, 1943] . Based on this claim and subsequent experiments, it has become a basic principle that mutations occur independently of their phenotypic consequences. The theory of directed mutation, formulated by John Cairns at Harvard University, and de-fined as genetic change that is specifically induced by the stress conditions that the mutation relieves, questioned this principle [Cairns and Foster, 1991; Rosenberg, 2001; Wright, 2004] .
The topic of directed mutation is controversial, and its potential existence, as defined above, has even been publically denounced [Foster, 1997; Hendrickson et al., 2002; Roth et al., 2006] . In most studies concerning this phenomenon, point mutations were studied [Andersson et al., 1998; Lombardo et al., 2004; Torkelson et al., 1997] . Until recently, the possibility that transposons were capable of causing directed mutation had not been considered. Our work, summarized below, provides the first documented example of directed mutation where the mechanism responsible for the regulation of mutational rate has been largely elucidated [Zhang and Saier, 2009a, b] .
Transposon Hopping Can Cause Gene Activation or Inactivation
Transposons such as insertion sequence 5 (IS5), the most prevalent IS element in E. coli K12, can activate or inactivate genes when inserted in front of or within chromosomal loci [Chandler and Mahillon, 2002; Galas, 1989; Mahillon and Chandler, 1998 ]. For example, E. coli nfsAB operon products convert nitroaromatic compounds to toxic nitro-anion free radicals via nitroreduction [McCalla, 1979] . In the presence of these compounds in agar plates, resistant colonies appear due to insertion of one of several IS elements, one of which is IS5 [Whiteway et al., 1998 ]. Activation of expression of the normally cryptic ␤ -glucoside (bgl) operon in E. coli [Hall, 1998] or the ade gene, encoding adenine deaminase [Petersen et al., 2002] , can be accomplished by IS insertion near the promoter. IS5 activates the fucose (Fuc)/propanediol (Ppd) fucAO promoter [Chen et al., 1989] and the flagellar motility flhDC master switch promoter [Barker et al., 2004] . These studies provide the background for our recent research on the E. coli glpFK operon in which IS5-mediated activation occurs in a directed fashion by a well-defined mechanism.
The E. coli glpFK Operon Is Regulated by Crp and GlpR
The chromosomal glp regulon of E. coli consists of five operons, only one of which, g lpFK , is both under Crp (cyclic AMP receptor protein) control and is required for aerobic growth on glycerol [Lin, 1976; Weissenborn et al., 1992] . The glpFK operon encodes the glycerol facilitator, GlpF, allowing cytoplasmic entry of glycerol at low internal glycerol concentrations, and glycerol kinase, GlpK, phosphorylating cytoplasmic glycerol with ATP, yielding glycerol-3-phosphate and ADP. The glpD gene encodes the aerobic glycerol-3-P dehydrogenase, which oxidizes glycerol-3-P to dihydroxyacetone phosphate [Lin, 1976 [Lin, , 1996 . Both the glpFK and glpD operons are subject to negative control by the glp regulon repressor GlpR [Zeng et al., 1996] , but glpD is not regulated by Crp. Glycerol-3-phosphate is the inducer of the glp regulon, binding to GlpR and causing it to dissociate from its operator sites. The fact that glpD is not regulated by Crp explains why IS5-mediated mutation of glpFK alone is sufficient to allow crp mutants to grow on glycerol.
The glpFK operator/promoter region (P glpFK ) contains four GlpR-binding sites, O1-O4 , and two Crp-binding sites, which overlap O2 and O3 ( fig. 1 ). The strong Crp dependency of glpFK transcription explains the fact that crp mutant cells cannot utilize glycerol.
IS5 Mediates Directed Mutation
In the absence of Crp, the glpFK promoter can be activated when IS5 inserts upstream of the promoter [Zhang and Saier, 2009a] . High-level expression of the operon is then nearly constitutive and relies on the DNA phase between the inserted IS5 and the promoter for activation. A short region of ϳ 180 bps (IB) at the end of IS5 causes activation [Zhang and Saier, 2009b] . This region contains a binding site for the nucleoid protein, IHF, and A-tracts that create a permanent bend [Muramatsu et al., 1988; Saier, 2008] . Moreover, IS5 or IB, when inserted into upstream sites, can activate other Crp-controlled promoters such as the E. coli lactose (lac) promoter [Zhang and Saier, 2009b] .
This hopping event appears to represent the first genuinely documented example of directed mutation. Mutation is due to IS5 insertion at a single specific site upstream of the glpFK promoter. A crp deletion strain mutates to Glp + with a 10 ! higher frequency when glycerol is present or GlpR is absent. However, overexpression of glpR depresses the mutation frequency 1 100-fold [Zhang and Saier, 2009a] . Rates of IS5 hopping to sites that activate other promoters are unaffected by glycerol or the loss of GlpR. GlpR therefore serves two distinct biological functions: first, it controls gene expression by binding to the downstream O4 operator, and second, it controls IS5-dependent glpFK mutational activation by binding to the upstream O1 operator, inhibiting transposition to this one site [Zhang and Saier, 2009a] . This is the first example where transposon-mediated directed mutation, involving a DNA-binding protein and occurring by a known molecular mechanism, has been identified.
The Activating Hopping Event Is Activated by Glycerol and Prevented by Glucose
When crp cells of E. coli are incubated on solid glycerol minimal medium, Glp + colonies appear at fairly high rates [Zhang and Saier, 2009b] . Independently isolated crp Glp + mutant colonies were purified and examined for growth on glycerol in defined liquid medium. Surprisingly, all such mutants grew at the same rate. A growth curve for one such mutant is shown in figure 2 a. The lag phase for the crp Glp + strain was shorter, and it grew slightly faster than the wild-type E. coli strain. These two strains, the parental crp Glp -strain and the mutant crp Glp + strain, oxidized numerous other biological carbon, nitrogen, phosphorous and sulfur sources, at the same rates [Zhang and Saier, 2009b] . Except for the glycerol utilization phenotype, no differences were observed. The mutation that enables crp cells to utilize glycerol apparently affected no other metabolic process.
The relative rates of Glp + mutation were estimated with glycerol, glucitol or glucose as the sole energy source on minimal agar plates. On glycerol plates, colonies first appeared after 3 days, but wt and crp Glp + cells formed colonies in less than 2 days. New colonies continued to appear at increasing, then decreasing frequencies for several days.
When the same crp cells were plated as before, but a few crp Glp + cells were mixed with the crp mutant cells before plating, colonies of uniform size appeared before (10 8 ) and then applied onto M9 glycerol agar plates. Six independently isolated Glp + mutant strains behaved the same. fig. 2 b) . Thus, the Glp + mutants that arose from the crp cells on glycerol minimal medium plates were not present in the cell culture before plating. When glucitol (another polyol crp cells can not utilize) replaced glycerol, the rate of appearance of Glp + mutations was much lower ( 1 10 ! ) than that on glycerol plates. On glucose plates, mutation to Glp + could not be detected. The inhibiting effect of glucose proved to be independent of GlpR and appears to be due to a generalized effect on IS5 transposition rather than a target-specific effect on transposition to the glpFK promoter region [Zhang and Saier, unpubl. obs.].
IS5 Is Responsible for glpFK Operon Activation
The glpFK regulatory region from over one hundred Glp + colonies contained a ϳ 1.1-kb insert that proved to be IS5, located at position 126.5 upstream of the glpFK transcriptional start site. The orientation was always the same with the 3 end proximally upstream of the promoter ( fig. 1 ). The four-base IS5 targeting sequence, CTAA, was always repeated adjacent to IS5 [Mahillon and Chandler, 1998; Zhang and Saier, 2009b] . No other mutation in addition to the IS5 insertion was detected. Other genetic elements, inserted at the same site, did not activate glpFK operon expression.
Insertion of a short sequence, either within or downstream of the CTAA target site, essentially abolished the appearance of Glp + mutants. Insertion of the same element upstream of this tetranucleotide sequence reduced the insertion frequency by about 50%. These results showed that (a) the CTAA upstream of P glpFK is essential for IS5 hopping to this site, (b) an appropriate location of the CTAA element upstream of P glpFK is required for glpFK operon activation, and (c) the sequence upstream of the CTAA recognition site maximizes the IS5 insertion rate.
The Glycerol Repressor GlpR Controls the IS5 Hopping Frequency
Glycerol-3-phosphate binds to and releases the GlpR repressor from its four operators [Lin, 1976; Weissenborn et al., 1992] . We postulated that when GlpR loses affinity for its operators, the DNA configurational change might be transmitted to the IS5 insertion site upstream of P glpFK .
To examine this possibility, glpR was deleted, and the frequencies of appearance of Glp + mutations in the crp and the crp glpR mutants were measured 8 glycerol. When these two strains were plated without glycerol, Glp + colonies from the double crp glpR mutant formed on the plates with a 10-fold higher frequency than from the single crp mutant. In the presence of glycerol, the mutation frequencies were the same. Thus, this rate was the same as observed for the crp glpR double mutant in the absence of glycerol. It was concluded that loss of GlpR has the same affect as the addition of glycerol to the growth medium. GlpR therefore must mediate the response to glycerol [Zhang and Saier, 2009b] .
The results summarized above suggest that GlpR binding to its operators blocks the appearance of Glp + mutations. The glpR gene was therefore expressed under the control of an arabinose-inducible promoter. When cells expressing glpR at high levels were examined, the frequencies of appearance of Glp + cells decreased well below the background frequency observed for the crp strain under neutral (noninducing, nonrepressing) conditions. Thus, GlpR controls transposition of IS5 to the glpFK upstream target site.
To conform to the definition of 'directed mutation', this effect must be specific to the glpFK promoter. Examination of three other promoters known to be activated by IS5 insertion, the fucAO (Fuc/Ppd utilization) [Chen et al., 1989] , flhDC (flagellar master switch) [Barker et al., 2004] and bglGFB ( ␤ -glucoside utilization) operons [Reynolds et al., 1981; Schnetz and Rak, 1992] , revealed that neither glycerol nor the loss of GlpR influenced IS5 hopping to these sites. Consequently, GlpR specifically influences IS5 transposition to the activating site upstream of the glpFK operon.
GlpR Binds Different Operators: O4 to Control glpFK Expression, and O1 to Control Glp + Mutation Frequencies DNA footprinting experiments had previously identified four GlpR-binding sites, O1-O4 , in the glpFK operon regulatory region [Zeng et al., 1996] . To determine the effects of these operator sites on the two apparent functions of GlpR, the far upstream site (O1) and the far downstream site (O4) were mutationally altered, and the effects on glpFK expression and the IS5 hopping rate were measured [Zhang and Saier, 2009a] . A lacZ reporter gene fusion construct was used to measure glpFK expression ( fig. 3 a) , and a standard cell counting procedure was used to determine the frequency of mutation to Glp + ( fig. 3 b) .
Loss of O4 increased glpFK operon expression 5-fold, although mutation of O1 was nearly without effect ( fig.  3 a) . In contrast, loss of O1 resulted in a 7-fold increase in mutation frequency, although loss of O4 had only a minimal effect ( fig. 3 b) . It seems clear that O1 controls mutation rate while O4 controls operon expression.
Based on these results, it can be concluded that the two different operators control the two phenomena (operon expression and operon activation), and that consequently, mutation rate is not a function of the glpFK expression level. GlpR regulates expression and mutation frequencies independently. However, assuming cooperative binding to the four sites, binding to any one of these sites may exert a 'gradient' effect: the closer to O1 the GlpR-binding site is, the more it will influence mutation rate, while the closer it is to O4 , the more it will influence operon expression. This postulate has yet to be tested.
IS5 Insertion Rates Are Independent of the Selection Procedure
To test whether control of IS5 hopping by GlpR is independent of the Glp + phenotype, the glpFK operon was replaced with, or was fused to, a chloramphenicol (Cm) resistance (cat) marker. Then, the cat gene was expressed solely from the glpFK promoter. crp and crp glpR cells are sensitive to Cm at ! 25 g/ml, but IS5 insertion at the upstream site rendered these cells resistant to Cm at 1 50 g/ ml. Using the chromosomal P glpFK -cat construct, IS5 insertion was measured while incubating cells on Luria Bertani broth (LB) agar plates containing 50 g/ml Cm. Cm-resistant (Cm r ) colonies from plates onto which crp glpR cells had been plated arose 20 ! more frequently for the crp glpR cells than for the crp cells ( fig. 4 ) . Moreover, when glpR was overexpressed, the rate at which Cm r colonies appeared decreased over 100 ! [Zhang and Saier, 2009b] . Sequencing showed that all independently isolated Cm r mutants examined from both the crp and crp glpR cells carried IS5 in the usual location and orientation. These observations showed that GlpR inhibits the appearance of Glp + mutations in the absence of glycerol, that IS5 insertion upstream of P glpFK is the cause of the Glp + phenotype, and most importantly, that regulation of mutation rate still occurs when a phenotype unrelated to glycerol metabolism is used to measure the mutation rate.
Glp + Mutations Arise in the Absence of Homologous Recombination
The decreased mutation rate in response to GlpR binding could theoretically have resulted from increased gene dosage accompanying RecA-dependent homologous re- Effects of the losses of GlpR ( ⌬ glpR, deletion of the glpR gene) and its binding site operators O1 and O4 on glpFK operon expression levels ( a ) and IS5-mediated mutation rates ( b ) when grown in liquid LB medium. The frequencies of Glp + mutations relative to the total cell populations were plotted versus time, and the mutation rates were determined from the slopes of the curves. The graphs show the effects of mutations in GlpR and its operators O1 and O4 ( fig. 1 ) on P glpFK activity in crp cells grown in LB liquid medium ( a ), and Glp + mutation frequencies in crp cells grown on LB solid medium ( b ). The bars represent standard deviation values for three independently conducted experiments. wt : control with no mutation in either O1 or O4 ; O1 : only operator 1 was mutated; O4: only operator 4 was mutated; O1O4 : both operators were mutated. combination-dependent partial chromosomal duplications [Petes and Hill, 1988; Roth and Andersson, 2004; Roth et al., 1996] . The dependency of the Glp + mutation rate on RecA was therefore examined. When cells were incubated on LB agar plates or on minimal glycerol plates, and the cell population was examined for Glp + and total populations, only a 15% decrease in mutation rate was observed in crp recA double mutant cells compared to crp cells. It was concluded that the effect of glycerol and the binding of GlpR to its glpFK operators is not dependent on RecA and therefore is not due to partial chromosomal multiplication.
IS5-Mediated Activation of the glpFK Promoter Is due to DNA Bending and Looping
IS5 insertion into the unique CTAA target site in front of the glpFK promoter apparently occurs in GlpR + cells under starvation conditions with high frequency only when glycerol is present and glucose is absent. Of course, the presence of glucose relieves the starvation conditions because crp mutants can utilize glucose. These starvation conditions plus glycerol are the same conditions under which IS5 insertional mutations are beneficial because their introduction relieves the starvation stress. But what is the mechanism by which IS5 activates the glpFK promoter?
Promoter activation by IS5 is due solely to a short (177-bp) region at the 3 end of IS5 [Zhang and Saier, 2009b] . This region proved to be both necessary and sufficient for full promoter activation. It contains two elements: a permanent bend [Ababneh et al., 2008; Tchernaenko et al., 2003 Tchernaenko et al., , 2004 and a binding site specific for the histone-like nucleoid-binding protein IHF [Saier, 2008] . These two elements account for full glpFK promoter activation [Zhang and Saier, 2009b] . When each was mutated, about 50% of the activation was lost, and when both were lost, no activation was observed. DNA bending apparently provides the basis for activation by both the permanent bend and IHF. Moreover, phasing proved to be important. In B-DNA, a helical turn is about 10.5 bp long. Therefore, if a 10-bp segment is inserted, the sites before and after the insert should be 'in phase'. However, if a 5-bp sequence is inserted at the same locus, the two sites should be out of phase by ϳ 180°. When this experiment was concluded, almost all activation was retained for the 10-bp insert, but it was lost when the 5-bp insert was present.
We surmise that the DNA upstream of the glpFK operon interacts with the transcriptional initiation complex to activate the promoter that is normally activated by the cyclic AMP-Crp complex in wild-type E. coli cells. Moreover, the lactose (lac) operon proved to be similarly activated by the 177-bp IB fragment in a crp genetic background. These results clearly imply that this newly demonstrated activation mechanism could be applicable to many catabolite-controlled operons, not only in E. coli , but also in all other organisms bearing transposons. Other transposons may have similar capacities to promote activation, although probably by a variety of mechanisms.
Precise Excision of IS5 Can Occur, Rendering Directed Mutation Reversible
Some transposable elements, but not IS5, had been shown to excise both precisely and imprecisely [Berg, 1977; Botstein and Kleckner, 1977; Khatoon and Bukhari, 1981; Strauch and Beutin, 2006] . The fuc regulon, for Lfucose (Fuc) utilization, consists of two divergent operons, fucPIK and fucAO ( fig. 5 ). The control regions for both operons overlap in the control region separating the two promoters. The fucPIK operon codes for (1) a permease (P) for Fuc uptake, (2) an isomerase (I) that converts Fuc to fuculose, and (3) a kinase (K) that phosphorylates fuculose to fuculose-1-P. In the fucAO operon, fucA codes for an aldolase that cleaves fuculose-1-P to lactaldehyde and dihydroxyacetone-P, while fucO encodes a reversible oxioreductase that reduces lactaldehyde to Ppd or oxidizes Ppd to lactaldehyde. Under aerobic conditions, lactaldehyde is metabolized to pyruvate that subsequently enters the TCA cycle, but under anaerobic conditions, the product of lactaldehyde reduction is L-1,2-Ppd, and Ppd probably either diffuses out of the cell or is utilized as a carbon source . Expression of both operons relies on Crp as well as the fuc regulon activator FucR. Binding of fuculose-1-P to FucR stimulates transcription of the two divergently transcribed fuc operons . Normally, E. coli cannot utilize Ppd for growth because expression of neither fuc operon is activated appreciably by this carbon source. However, when IS5 inserts into the intergenic region between the two operons ( fig. 5 ), the cells gain the ability to utilize Ppd [Chen et al., , 1989 . The presence of IS5 at its insertion site in the fuc regulon regulatory region causes constitutive expression of the fucAO operon, but blocks expression of the fucPIK operon [Podolny et al., 1999] . IS5 insertion thus allows utilization of Ppd (Ppd + ) while preventing utilization of Fuc (Fucose -) [Podolny et al., 1999] . Wild-type cells are Fuc + Ppd -. However, when IS5 hops into its target site within the regulatory region between the fucAO and fucPIK operons, fucAO is activated while fucPIK is repressed. This results in a change from Fuc + Ppd -to FucPpd + and provides positive selection for IS5 insertion (Ppd + ) as well as precise IS5 excision (Fuc + ). Transposons may have evolved in part to effect genetic change by gene activation or inactivation under stressful conditions. If so, it would be likely that under other conditions, such as when Fuc, but not Ppd, is available, the capacity for precise excision of the transposon, restoring the original phenotype, would be beneficial. Without a mechanism to reverse the mutation-induced phenotypic change, transposition could actually be deleterious over long-term evolutionary time.
Using the selection procedures described in the preceding paragraph, precise excision of IS5 from the interoperonic region between fucPIK and fucAO could be demonstrated [Zhang et al., 2010] . This was shown, first, by full phenotypic reversion, and second, by DNA sequencing. These experiments therefore allowed establishment of the full reversibility of the IS5 transpositional insertion event. The capacity for precise excision of IS5 increases its potential value for adaptive purposes.
Conclusions and Perspectives
Directed mutation has been defined as a change in the inherited DNA sequence of an organism that is specifically induced by the stress condition that the mutation re- lieves. Although such potential processes involving point mutations have been studied before, the example reviewed here, involving transposon hopping for adaptive purposes, had not been considered. Nor had a directional mutational mechanism been determined [Massey and Buckling, 2002; Reimers et al., 2004; Rosenberg, 2001; Wright et al., 1999] . We here summarized evidence suggesting that IS5 transposition is directed to the glpFK control region, thereby allowing E. coli crp mutants to utilize glycerol. These mutations are optimally induced by the presence of glycerol under starvation conditions, and GlpR, the glp regulon-specific protein that regulates mutation frequency, mediates the response to glycerol. Thus, the enhancement mechanism is, in principle, known. GlpR binds to its four operators (O1-O4) overlapping the glpFK promoter, probably cooperatively. It is displaced from these sites when ␣ -glycerol phosphate, derived from exogenous glycerol, binds to it ( fig. 1 ) [Weissenborn et al., 1992] . Thus, GlpR controls both glpFK expression and the IS5 insertional event that produces the Glp + phenotype. Binding of GlpR to O4 , overlapping the -10 region, primarily influences gene expression, while binding to the upstream O1 primarily influences IS5 transposition into the specific CTAA target site, 126.5 bp upstream of the glpFK transcriptional start site. This site is only 37 bp upstream of O1 ( fig. 1 ) rendering feasible a conformational change in the DNA, transmitted from O1 to the CTAA target site. This conformational change could favor IS5 insertion specifically at this site. Alternatively, an inhibitory protein-protein interaction, such as a transposaseGlpR interaction, could account for the results. Either mechanism could explain the activation of transposition to this site by dissociation of GlpR from O1 .
These observations lead to an understanding of how the two functions of GlpR occur independently. The mechanism blocking mutation, dependent on the binding of GlpR to O1 , may be direct, promoting interaction of DNA-bound GlpR with the transpososome, or indirect, promoting changes in DNA conformation as noted above. In either case, the physiological consequence is the same: beneficial directed mutation and accelerated adaptation to a changing environment.
Each of the independently isolated Glp + mutants described here contained IS5, always present at the same location and orientation. Only one of the five glp regulon operons (glpFK) proved to be activated, and activation of only this operon would be expected to be beneficial under the conditions studied. The presence of glycerol or the loss of GlpR affects glpFK activation, thereby defining the mechanism of IS5-mediated directed mutation. However, these conditions did not influence IS5 transposition into three other expression-activating sites in the E. coli genome, demonstrating specificity. Moreover, there were no other observable phenotypic differences between Glp + mutants and the parental crp cells. Clearly, mutation to Glp + is directed specifically to the glpFK operon. These findings make mechanistic and physiological sense, since in all operons shown to be activated by IS5, insertion occurs in the proximity of the promoter that is activated. A chaotic situation would result if such an insertion influenced expression of other more distant genes. Thus, the need for insertion of the transposon near the target operon renders the process specific. The glpFK system therefore exhibits a phenomenon consistent with the most rigorous definition of true directed mutation. It also reveals potential mechanisms providing the specificity required for conformity to this definition.
Transposon insertion frequencies increase in the presence of specific carbon sources [Hall, 1998 [Hall, , 1999 , and various host proteins influence transposition [Chaconas et al., 1996; Chandler and Mahillon, 2002; Galas, 1989; Mahillon and Chandler, 1998 ]. Many of these proteins are nucleoid-structuring proteins such as H-NS, HU, IHF and Fis [Saier, 2008] or DNA recombination and repair enzymes such as RecG, Dcd and DinD [Swingle et al., 2004; Twiss et al., 2005] . Increased hopping rates have been observed in response to nutritional stress [Twiss et al., 2005] . Moreover, host DNA structuring proteins are involved in assembly of the enzymatic apparatus that comprises the 'transpososome' and mediates target selection [Chalmers et al., 1998; Lavoie and Chaconas, 1993; Surette and Chaconas, 1989; Twiss et al., 2005] . These observations allow recognition of the many different mechanisms that could account for transposon-mediated directed mutation.
The DNA adenine methylase is known to affect transposition of IS5 [Roberts et al., 1985; Yin et al., 1988] . In yeast, multiple host factors control retrotransposon transposition (e.g. Ty1 and Ty3 [Aye et al., 2004; Scholes et al., 2001] ). The E. coli RpoS stationary-phase sigma factor has been shown to influence transposition rates as well [Ilves et al., 2001; Moorthy and Mahadevan, 2002; unpubl. obs.] . Based on these facts, it is not surprising that many host proteins influence the overall transposition rates [Chandler and Mahillon, 2002; Galas, 1989; Mahillon and Chandler, 1998; Swingle et al., 2004; Twiss et al., 2005] . The GlpR protein is the latest to have been shown to influence transposition, but in contrast to the others, it does so in a highly specific fashion, determining the transposition frequency to a single site.
The mechanism recently identified for glpFK promoter activation provides relief from starvation and therefore could have been selected for through evolutionary time. In a wild-type Crp + background, it could allow rapid utilization of glycerol and abolish diauxie, so that both glucose and glycerol, for example, could be used simultaneously. Glycerol might be used for phospholipid biosynthesis, while glucose could be used as the primary energy source.
Our experimental results suggest that the DNA loop, caused by the permanent bend and IHF binding, could directly contact RNA polymerase to promote transcriptional activation ( fig. 6 ). It appears to be a genuine example of directed mutation. The fact that mutation rate is influenced by the presence of glycerol in a process mediated by the glycerol repressor provides a mechanistic explanation for IS5-mediated directed mutational control ( fig. 7 ) . It leads us to propose that GlpR has two functions, one in controlling glp regulon gene expression as recognized previously, and the other in controlling the conformational state of the upstream DNA so as to influence the rate of IS5 insertion. These observations provide an explanation for the existence of the upstream operator, O1 , in the control region of the glpFK operon.
Another potential example of directed mutation can be found in the mammalian immune system. Odegard and Schatz [2006] have reviewed evidence for a million-fold increase in mutation rate in humans relative to spontaneous rates of somatic cell mutation, a phenomenon termed somatic hypermutation (SHM). SHM occurs in the variable regions of immunoglobulin (IgG) genes with a rate of up to 10 -3 mutations/bp/cell division. Point mutations can arise in specific tetranucleotide 'hot spots' where the DNA sequence plays an essential role. While our studies have focused on mutations occurring by transposon insertion in E. coli , the IgG system in animals involves the introduction of point mutations. Thus, directed/adaptive point mutations may occur in animal immune systems, even though they have not yet been clearly identified in prokaryotes. It is important to recall, that the inability to demonstrate a phenomenon never proves that it does not exist, but the establishment of one such phenomenon establishes its existence. It is now a question of how significant directed mutation is and has been to organismal evolution.
Reversibility of directed mutation is likely to be more important in some systems than in others. For example, it is essential for the beneficial effects in the bacterial systems that have been reviewed here, and it is only in the bacterial system that reversibility has been demonstrated [Zhang et al., 2010] . It is interesting to note that both processes, IS5 mutation in E. coli , and point mutational 'hot spots' in the variable regions of IgG genes, depend on a specific tetranucleotide sequence.
We find it intuitively appealing that directed mutation could be a property of most or all living cells. It certainly has the potential of benefitting the organism and accelerating genetic adaptation. The evolutionary significance of IS5-mediated control of glpFK expression in the ab- Schematic diagram illustrating GlpR-mediated control of glpFK transcription (right) and the rate of IS5 hopping (directed mutation) into the CTAA site upstream of the glpFK promoter (left). With GlpR bound to its operators (O1-O4) , transcription and IS5 hopping both occur at low rates. When GlpR is not bound to its operators, both transcriptional initiation and IS5 hopping increase about 10-fold. Binding of GlpR to operator O1 blocks IS5 insertion, while binding of GlpR to operator O4 blocks transcription as indicated.
sence of Crp is currently unknown. This transposition event could have evolved to allow simultaneous utilization of two carbon sources (i.e. glucose and glycerol), thus, diminishing the intensity of catabolite repression on glp gene expression by glucose, and, consequently, abolishing diauxie in wild-type cells. However, it is also possible that the IS5-mediated mechanism of glpFK expressional control discussed here was an ancient regulatory mechanism that preceded the Crp-cyclic AMP mechanism of control of this same operon. What we have uncovered could be an 'ancient relic' or a vestige of an earlier time. However, we are betting that the same phenomenon will be common as a means of gene control in many organisms. Future studies are likely to provide evidence for the relative importance of directed versus more simple adaptive mutations to organismal evolution. Jumping genes may be as ancient as living organisms themselves. We are just now beginning to appreciate why.
